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Fourteen healthy children (13.8 ± 2.2 years, range 10–16; M:F = 5:9) received 30Hz
intermittent theta burst transcranial magnetic stimulation (iTBS) with a stimulation
intensity of 70% of resting motor threshold (RMT) with a total of 300 (iTBS300) pulses.
All volunteers were free of neurologic, psychiatric and serious medical illnesses, not
taking any neuropsychiatric medications, and did not have any contraindications to
transcranial magnetic stimulation. Changes in the mean amplitudes of motor-evoked
potentials from baseline following iTBS were expressed as a ratio and assessed from
1 to 10min (BLOCK1) and 1–30min (BLOCK2) using repeated-measures analysis of
variance. All 14 subjects completed iTBS300 over the dominant primary motor cortex
(M1) without any clinically reported adverse events. ITBS300 produced significant M1
facilitation [F(5, 65) = 3.165, p = 0.01] at BLOCK1 and trend level M1 facilitation at BLOCK2
[F(10, 129) = 1.69, p = 0.089]. Although iTBS300 (stimulation duration of 92 s at 70%
RMT) delivered over M1 in typically developed children was well-tolerated and produced
on average significant facilitatory changes in cortical excitability, the post-iTBS300
neurophysiologic response was variable in our small sample. ITBS300-induced changes
may represent a potential neuroplastic biomarker in healthy children and those with
neuro-genetic or neuro-psychiatric disorders. However, a larger sample size is needed to
address safety and concerns of response variability.
Keywords: repetitive transcranial magnetic stimulation, theta burst stimulation, long-term potentiation, pediatric,
neuroplasticity
INTRODUCTION
Neuroplasticity broadly describes the ability of the nervous sys-
tem to reorganize in response to intrinsic or environmental
demands and underlies the conceptual framework of learn-
ing, memory and development (Lamprecht and LeDoux, 2004;
Pascual-Leone et al., 2005). Though genetic and early environ-
mental factors dictate the potential scope of brain development,
neuroplastic processes play a critical role following birth to con-
figure and optimize neural circuits, including the maturation of
complex sensory, cognitive and regulatory functions throughout
life (Tau and Peterson, 2009). Moreover, there is evidence that,
for a broad group of neurodevelopmental disorders, abnormali-
ties in the mechanisms of neuroplasticity, including maladaptive
plasticity (Johnston, 2004), may best explain the fundamental
pathophysiology of these disorders, including Fragile X Syndrome
(Huber et al., 2002), Neurofibramatosis-1 (Costa et al., 2002),
Gilles de la Tourette’s syndrome (Wu and Gilbert, 2012), and
autism spectrum disorders (Markram and Markram, 2010).
Despite relevance of aberrant neuroplasticity in animal mod-
els of multiple neurodevelopmental disorders, little is known
of the role of long-term potentiation (LTP) and the relation-
ship with behavioral plasticity in the typical developing human
cortex (Martin et al., 2000). LTP describes the long-lasting mod-
ification of neuronal connections, including changes in synaptic
efficacy, which is commonly cited as the cellular basis of learning
and memory (Brown et al., 1988). LTP been studied extensively
in mammalian hippocampus including hippocampal slices from
humans undergoing temporal lobe surgery (Brown et al., 1988;
Beck et al., 2000). Though investigation of cellular LTP in chil-
dren have obviously been limited, electrophysiological studies of
neonate and juvenile animals have shed light on the purpose and
mechanisms of LTP during development. Developmental age in
rodents has been associated with varying susceptibility and effi-
cacy of induced-LTP in hippocampal slices (Harris et al., 1992;
Swartzwelder et al., 1995; Leinekugel et al., 2002; Cao and Harris,
2012). In young rats, periods of susceptibility to LTP in the visual
cortex coincides with developmental critical periods which can be
prolonged by rearing animals in darkness (Kirkwood et al., 1995).
Transcranial magnetic stimulation (TMS) under certain stim-
ulation parameters can lead to changes in corticospinal and cor-
ticocortical excitability that outlast the stimulation period, thus
representing a surrogate marker of cellular LTP and LTD from
the intact human cortex (Pascual-Leone et al., 1994). These phe-
nomena share a remarkable similarity to cellular measurements
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of LTP or LTD, including the loss of TMS-induced LTP- and
LTD-like effects after N-methyl-D-aspartate receptor blockade
(Stefan et al., 2002; Wolters et al., 2003; Huang et al., 2007) and
methods of physiological induction, either through tetanic stimu-
lation, such as theta burst stimulation (TBS) (Pascual-Leone et al.,
1994; Huang and Rothwell, 2004; Huang et al., 2005) or through
associative methods, such as paired associative stimulation (PAS)
(Stefan et al., 2000). Though details regarding individual synaptic
connections are at best speculative, TMS techniques can grossly
quantify the final output of a specific region of the neocortex and
test hypotheses regarding the configuration of established neural
networks.
Here we report the effect of a modified 30Hz intermittent
TBS (iTBS) protocol, previously reported to generate primary
motor (M1) cortical facilitation in adults (Wu et al., 2012a) and
now optimized for the pediatric population, on M1 excitability of
typically-developing children/adolescents. Despite several pedi-
atric repetitive TMS (rTMS) studies (Kirton et al., 2008; Oberman
et al., 2010, 2014; Wu and Gilbert, 2012; Gillick et al., 2014; Wu
et al., 2014), there is limited data on the effect of rTMS and
TBS on the developing cortex. In addition, the reported inter-
individual variability to iTBS potentially limits the use of the
technique as a diagnostic or prognostic tool (Hamada et al., 2013;
Lopez-Alonso et al., 2014). The overall goal of this work was to
establish a safe biomarker of pediatric neuronal plasticity using
iTBS. Such a marker would provide an additional tool to explore
the cortical physiology of suspected neuroplastic abnormalities
across a host of pediatric illnesses of the central nervous sys-
tem. In addition, we systematically discuss the rationale for the
modification of TBS parameters based on safety concerns and
feasibility for use in children. The present study, to our knowl-
edge, represents the first published cohort of healthy children who
have undergone iTBS. We hypothesized that 30Hz iTBS to M1 in
healthy children would elicit a brief physiological facilitation of
motor-evoked potential (MEP) amplitudes following stimulation.
MATERIALS AND METHODS
Parents of pediatric patients gave written informed consent and
child participants gave written informed assent for the study,
which were approved by the Cincinnati Children’s Hospital
Medical Center Institutional Review Board. Participants were
reimbursed for time and travel.
PARTICIPANTS
Healthy children ages 8–17 were recruited through advertising fly-
ers and email through the local institution and community. All
volunteers were free of neurologic, psychiatric and serious med-
ical illnesses, were not taking any neuropsychiatric medications,
and did not have any contraindications to TMS (Rossi et al.,
2011). Handedness was either determined through Physical And
Neurological Examination for Soft Signs (Denckla, 1985) or the
Edinburgh Handedness Inventory (Oldfield, 1971).
SINGLE PULSE TRANSCRANIAL MAGNETIC STIMULATION (spTMS)
A monophasic Magstim 200 stimulator connected to a figure-8,
70mm coil (Magstim Ltd., Whitland, UK) was used to determine
resting motor threshold (RMT) and obtain MEPs measured by
surface electromyography (EMG) in the first dorsal interosseous
(FDI) muscle of the dominant hand. A second set of EMG leads
was placed on dominant extensor carpi radialis for monitoring
during iTBS. Participants were seated comfortably with both arms
fully supported on a pillow. Full muscle relaxation was moni-
tored visually and by EMG. The figure-8 coil (handle pointing
posteriorly at 45◦) was placed tangentially to the scalp over the
dominant M1 at the optimal site for obtaining maximal peak-to-
peak amplitude of MEPs from the dominant FDI using standard
methods (Mills and Nithi, 1997). This “hot spot” was marked
with a wax pencil for consistent placement of the figure-8 coils
during application of spTMS and rTMS. We opted not to employ
neuronavigation as (1) TBS of the motor cortex has been rou-
tinely performed with a non-technical approach (Huang et al.,
2005) and (2) to maximize the potential feasibility of the pro-
tocol for widespread biomarker use. TMS pulses separated by
6 s (±5%; generated by Signal software version 2.15; Cambridge
Electronic Design Limited, Cambridge, UK) were administered
at intensities of 1.2∗baseline RMT to obtain MEP amplitudes at
11 time points: 20 pulses (114 s) at baseline (T0), and 10 pulses
(54 s) at 1 (T1), 3 (T2), 5 (T3), 7 (T4), 10 (T5), 12.5 (T6),
15 (T7), 17.5 (T8), 20 (T9), and 30 (T10) min following iTBS.
Surface EMG signals were amplified and filtered (100/1000Hz;
Coulbourn Instruments, Allentown, PA) before being digitized
at 2 kHz and stored for analysis, using Signal software and a
Micro1401 interface (Cambridge Electronic Design, Cambridge,
UK). Each surface EMG tracing was reviewed offline and tagged
for removal if it contained muscle movements prior to the TMS
pulse (∼1% of all tracings). Due to technical difficulties, there was
missing data for the T8 time point for one subject.
MEASUREMENT OF RESTING MOTOR THRESHOLD
RMT was defined for each Magstim stimulator separately as the
minimal intensity of stimulation to the dominant M1 to induce
MEPs in at least 3 out of 6 consecutive trials following determina-
tion of the optimal site (Conforto et al., 2004). Stimulation began
well above threshold intensity, usually 75% of maximal stimu-
lator output) and decreased until RMT was identified within a
1% increment. Due to the influence of phasic and tonic finger
movements on TBS outcome (Gentner et al., 2008; Huang et al.,
2008; Iezzi et al., 2008), we chose not to measure active motor
threshold and instead used RMT as a reference for stimulation
intensity.
INTERMITTENT THETA BURST STIMULATION
ITBS was performed using a biphasic 115V version of Magstim
SuperRapid2Plus1 (Magstim Ltd., Whitland, UK) connected to a
figure-8, 70mm coil applied to the M1 “hot spot” as designated
above. We did not use additional hearing protection as in labora-
tory measurement of mean (less than 57.9 dB) and peak decibel
levels (less than 69.1 dB) of single pulse TMS and iTBS fell within
well-established hearing safety standards and consistent with pre-
vious reports (Dhamne et al., 2014). The use of Magstim 200
in addition to the SuperRapid2Plus1 allowed for the measure-
ment of RMT in children who generally have higher thresholds
(Garvey et al., 2003). All iTBS sessions were performed in the
afternoon. Subjects received iTBS300 (Figure 1), which consisted
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FIGURE 1 | Pulse pattern for iTBS300. Three TMS pulses per burst were
given at 30Hz. A burst was delivered every 200ms so that 10 bursts were
given in a 2-s train. Ten trains were given every 10 s for a total of 300
magnetic pulses per iTBS300.
of bursts of 3 magnetic pulses at 30Hz repeating every 200ms
for 2 s (one train) with trains repeated every 10 s apart for total
of 300 pulses (92 s) at a stimulation intensity of 70%∗RMT. Full
muscle relaxation and generation of evoked potentials by iTBS
was monitored visually and by continuous EMG throughout the
iTBS stimulation period.
Thirty Hz iTBS was used, rather than the more typical 50Hz,
as this allows for higher stimulation intensities (i.e., 30Hz TBS
can be delivered at up to 89% power vs. only 57% for 50Hz
TBS with Magstim SuperRapid2Plus1). Moreover, 30Hz TBS has
been shown to produce the expected LTP- and LTD-like changes
in M1 (Goldsworthy et al., 2012; Wu and Gilbert, 2012). Higher
stimulation intensity is often necessary for TBS research in chil-
dren as they have higher motor thresholds (Garvey et al., 2003).
The 70%∗RMT intensity was chosen to balance safety (the only
case of TBS-induced seizure occurred at 100%∗RMT) (Oberman
and Pascual-Leone, 2009) and efficacy (i.e., we expected higher
facilitatory changes in M1 excitability with higher stimulation
intensity). Before and immediately after the 30-min time point, a
structured diagnostic interview with detailed 16-question review
of systems [headache, scalp pain, arm/hand pain, other pain(s),
numbness/tingling, other sensation(s), weakness, loss of dex-
terity, vision/hearing change(s), ear ringing, nausea/vomiting,
appetite loss, rash, skin change(s) or any other symptom(s)] was
conducted to rate any potential adverse events on an ordinal scale
(none, minimal, mild, moderate, marked, or severe) (Wu et al.,
2012b).
STATISTICAL ANALYSIS
Descriptive statistics were applied to demographic and baseline
physiological measures. Mean MEP fold change was normal-
ized to be expressed as a ratio of average post-TBS/pre-TBS
MEP peak-to-peak amplitudes for each time point. Since the
iTBS300 protocol has half the total pulses compared to the
original description, we anticipated a shorter duration of iTBS
effect on cortical excitability (Huang et al., 2005). Therefore, two
repeated measures analysis of variance (RM-ANOVA) were per-
formed, analyzing MEP-fold change by a within-subject factor
for 10min—BLOCK1 (6 levels: T0; T1; T2; T3; T4; T5)—and for
30min—BLOCK2 (11 levels: T0; T1; T2; T3; T4; T5; T6; T7; T8;
T9; T10). We tested the hypotheses that the modified iTBS proto-
col would produce facilitation of mean MEP fold-change across
BLOCK1 and BLOCK2. All analyses were performed in SAS (SAS
Institute Inc., Cary, NC, USA) with a two-tailed p < 0.05 con-
sidered significant. To determine whether age had an effect on
the post-iTBS300 change, it was included as a covariate in the
RM-ANOVA.
In addition to RM-ANOVA, which has been used inmost prior
published TBS studies, we performed a secondary linear mixed
model (LMM) analysis which has several potential advantages.
This analysis incorporates intrasubject correlations, accounts well
for missing observations, and, by using raw MEPs, accounts
for inter-individual variability in the baseline MEP amplitudes
(Huang et al., 2005; Wu et al., 2012a; Dhamne et al., 2014). This
is a special case of a linear mixed model (LMM) with the added
component of a within subject covariance structure to account
for the repeated measures over time. We used an unstructured
covariance model in which the correlation between any two val-
ues within subject is estimated from the data (West et al., 2006).
Our a priori hypothesis expected the adjusted mean amplitudes at
each post-TBS time point differed from baseline. For each com-
parison, the resultant p-value were corrected for a False Discovery
Rate (FDR) to account for the multiple testing (Benjamini and
Hochberg, 1995); with 5 and 10 contrasts, respectively, for the two
blocks.
RESULTS
DEMOGRAPHICS AND SAFETY
Fourteen healthy children (13.8 ± 2.2 years, range 10–16; M:F =
5:9) completed the study (Table 1). Thirteen subjects were right-
handed. No adverse events were reported or identified by struc-
tured diagnostic interviews and no seizure occurred.
iTBS 300
Average RMT was 50.7 ± 9.7% of Magstim200 maximal out-
put and 63.7 ± 13.6% of SuperRapid2Plus1 maximal output. The
“hot-spot” scalp location was identical for both machines. Mean
iTBS stimulation intensity was 44.6 ± 9.5% (range: 31–62%) of
SuperRapid2Plus1 maximal output.
The mean MEP fold changes for each time point and RM-
ANOVA and LMM results following iTBS are summarized in
Table 1. One-Way RM-ANOVA revealed a significant facilitation
during BLOCK1 (1–10min) and trend level facilitation during
BLOCK2 (1–30min) (Figure 2). For LMM, the main effect Time
was statistically significant for both blocks. For BLOCK1, after
adjusting formultiple comparisons, theMEP-amplitudes at 3min
were significantly larger than baseline (FDR adjusted p = 0.021).
For BLOCK2, after adjusting for multiple comparisons, the MEP
amplitudes at 3min were significantly larger than baseline (FDR
adjusted p = 0.042). Adding age as a covariate did not have a
significant effect in either analysis (not shown).
DISCUSSION
In the present study, we demonstrated that a 300 pulse, inter-
mittent theta burst stimulation (iTBS) protocol delivered at
sub-motor threshold intensity resulted in facilitation of M1 corti-
cal excitability in healthy children. Nearly all prior studies have
been performed in adults (Oberman et al., 2011; Wu et al.,
2012a). In place of the originally described 50Hz bursts (Huang
et al., 2005), we used 30Hz TBS to create a frequency/intensity
paradigm that was compatible with the mechanical parameters
of the SuperRapid2Plus1 device for use in pediatric research (Wu
et al., 2012a). Using the commonly employed method of anal-
ysis (repeated-measures ANOVA) in rTMS studies, the iTBS300
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Table 1 | Effect of modified iTBS300 on M1 as measured by MEP-fold change from baseline over time in healthy children (n = 14, 13.8 ± 2.2
years).
Minutes after iTBS300 1 3 5 7 10 12.5 15 17.5 20 30
Mean MEP fold change 1.40 1.45 1.30 1.20 1.13 1.23 1.32 1.51 1.55 1.25
SD 0.36 0.45 0.51 0.47 0.47 0.67 0.59 1.08 0.98 0.56
SEM 0.10 0.12 0.14 0.12 0.12 0.18 0.16 0.30 0.26 0.15
N 14 14 14 14 14 14 14 13 14 14
RM-ANOVA BLOCK1, F(5, 65) = 3.17, p = 0.01*
BLOCK2, F(10, 129) = 1.69, p = 0.089
LMM BLOCK1, F(5, 13) = 4.72, p = 0.01*
BLOCK2, F(10, 13) = 6.28, p = 0.002*
BLOCK1, analysis of 1–10 min; BLOCK2, analysis of 1–30 min. SD, standard deviation; SEM, standard error of the mean; n, number of observations; MEP, Motor-
Evoked Potentials; iTBS, intermittent Theta Burst Stimulation; M1, primary motor cortex; RM-ANOVA, repeated measures analysis of variance; LMM, Linear Mixed
Model; *indicates statistical significance.
FIGURE 2 | M1 excitability changes after 30Hz iTBS (300 pulses, 70%
of RMT) in healthy children (n = 14, mean age = 13.8 ± 2.2 years old)
from 1 to 30min. (Top) Box (25th–75th) and Whiskers (5th–95th)
percentiles with line at median and cross at mean. Mean MEP-fold change
of each subject is overlaid as gray circles. (Bottom) Mean line plot of
MEP-fold changes with error bars representing standard error of means.
MEP, Motor-Evoked Potentials; RMT, resting motor threshold; iTBS,
intermittent Theta Burst Stimulation; M1, primary motor cortex; * denotes
statistically significant increase compared to baseline in post-hoc analysis
after correcting for multiple comparison.
protocol demonstrated a statistically significant M1 facilitation
from 1 to 10min. However, there was significant variability in M1
response. Post-hoc analysis using an alternative analytical tech-
nique (LMM) and correcting for multiple comparisons showed
that this facilitatory effect on M1 was primarily seen at the 3-min
time point following iTBS300. Even with these limitations, the
main conclusion of this study is that we were able to safely deliver
iTBS to typically developing children with statistically significant
facilitatory changes in M1 excitability thus lending support for
further judicious use of iTBS to understand neuroplasticity in the
developing cortex in children with developmental disorders.
iTBS-INDUCED FACILITATION IN M1 EXCITABILITY
To our knowledge, this is the first report of iTBS inducedM1 neu-
rophysiologic changes in healthy children. These results demon-
strate similar magnitude of facilitation as we found in adults
using 30Hz iTBS with 600 pulses at 90% of RMT (Wu et al.,
2012a). A brief, non-invasive method of inducing LTP- and LTD-
like changes in cortical excitability holds tremendous potential
to advance the study of neurodevelopmental processes (Morris
et al., 2014). The optimization and validation of these techniques
can also provide insight into the neural mechanisms of learning
and rehabilitation (Johnston, 2009) and bridge decades of electro-
physiological research from in vivo and in vitro models of central
nervous system disease with clinically recognized motor, cogni-
tive, or emotional impairments in humans (Freitas et al., 2011;
Castren et al., 2012). To date, the most commonly used TMS
techniques to induce cortical excitability changes are paired asso-
ciative stimulation (PAS), rTMS, or TBS (Stefan et al., 2000; Di
Lazzaro et al., 2011). In sensitive populations, rTMS and PASmay
be limited by the discomfort of prolonged periods of stimulation
above motor threshold.
Virtually all other TBS studies of M1 plasticity in adults have
been performed using 50Hz stimulation with relatively lower
stimulation intensities (Huang et al., 2005; Cardenas-Morales
et al., 2010; Hoogendam et al., 2010). Although there are sev-
eral similarities in our results, including the time course and
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maximal changes in MEP amplitudes (Huang et al., 2005; Wu
et al., 2012a; Cardenas-Morales et al., 2014), comparing effects in
adults vs. children and 50Hz vs. 30Hz iTBS will require further
study.
Of interest and relevance to future studies, we also con-
firmed the statistical significance of the facilitation effect over
10min (BLOCK1) using a linear mixed model (LMM) analy-
sis. Using LMM, the BLOCK2 time effect was also statistically
significant, whereas for the more commonly used RM-ANOVA
found significance at the trend level. A repeated-measures LMM
has several advantages over a traditional multivariate approach
where there is no ability to model the correlation between obser-
vations on the same subject (Krueger and Tian, 2004). An LMM
allows the incorporation of intrasubject correlations and since
each observation is considered individually (including continu-
ous or categorical covariates at a particular time) this model can
also account for missing observations without list-wise deletion.
We created an LMM model that used an unstructured covari-
ance for the raw MEP amplitudes that closely fit our data. By
using the raw MEPs, we were able to maintain the variability
of individual subjects baseline, which is lost when looking at a
MEP-fold change and transforming the baseline to 1. This may
account for the discrepancy between the multivariate approach
and the LMM results for BLOCK2. Post-hoc testing against this
baseline in both time blocks, including a stringent correction
for multiple comparisons, found a significant contrast at 3min.
Thus, both performed analyses support a statistically signifi-
cant facilitating effect on cortical excitability within the first
10min.
VARIABILITY IN iTBS-INDUCED FACILITATION IN M1 EXCITABILITY
One significant concern about TBS induced plasticity is the vari-
ability of the magnitude and direction of the MEP response
(Player et al., 2012; Hamada et al., 2013; Hinder et al., 2014). In
adults, several factors have been identified to contribute to this
variability including age, gender, time of day, genetic background,
and attention (Cardenas-Morales et al., 2010; Hoogendam et al.,
2010; Ridding and Ziemann, 2010). Furthermore, intrinsic mech-
anisms such as inter-individual differences in the recruitment of
interneuron networks by TMS may play a larger role than previ-
ously realized (Hamada et al., 2013). Although covariate analysis
of our data did not find an effect of age, this and other fac-
tors should be analyzed in future, larger studies. Over a 30min
time course BLOCK2, as has also been reported after conven-
tional TBS (Huang et al., 2005), we observed a second “peak”
(see Table 1 and Figure 2). In cellular models, LTP has come
to be recognized as a phenomenon that represents a series of
phases, including early and late, that can be more precisely cate-
gorized based on molecular mechanisms and order of persistence
(Raymond, 2007).
METAPLASTICITY
The concept of the previous brain activity affecting synaptic
response is termedmetaplasticity. Several studies have shown that
tonic or phasic finger movements before TBS can change the
expected outcome of the tetanic stimulation (Gentner et al., 2008;
Huang et al., 2008; Iezzi et al., 2008). Prior brain stimulation may
also “prime” TBS response (Todd and Ridding, 2010), such as
prolonging the duration of the stimulation (i.e., more pulses). In
addition, extending the number of pulses seems to influence the
results. One study found that facilitation and inhibition could be
reversed simply by doubling the TBS pulses delivered from 600 to
1200 (iTBS1200) (Gamboa et al., 2010), while another reported
that 1800 pulses of iTBS resulted in significantly higher facilita-
tion of MEP-amplitudes than iTBS600 or iTBS1200 (Nettekoven
et al., 2014). Given concerns for feasibility in pediatric popula-
tions, we were interested to study iTBS with fewer pulses. The
iTBS300 protocol presented in this study produced an increase
in M1 excitability in most pediatric subjects. So far, there has
been one iTBS150 study that showed no significantM1 changes in
adults (Huang et al., 2008). Future studies in children could eval-
uate iTBS150 to determine if this is sufficient to modulate cortical
excitability.
It is possible that the 0.17Hz test pulses used prior to (base-
line) and after iTBS may themselves induce metaplastic effects as
was suggested by a recent study of PAS-induced LTP and LTD
(Delvendahl et al., 2010). However, the 0.1Hz rTMS precon-
dition in this study abolished PAS-induced neuroplastic effects
whereas we observed statistically significant increase in M1 exci-
tation in our study. Furthermore, very low frequency rTMS (0.1
and 0.2Hz) have not been shown to exert direct effect on MEP
amplitudes (Chen et al., 1997; Delvendahl et al., 2010; Furukawa
et al., 2010). This could create a trade-off between using more
frequent TMS to capture the temporal characteristics of induced
cortical excitability vs. less frequent TMS to avoid inducing meta-
plastic effects. Future sham controlled TBS studies (Davis et al.,
2013), or perhaps studies outside of motor cortex with different
outputs, may clarify this.
SAFETY
A key finding of this study is that iTBS was delivered safely and
without any reported clinical adverse effects in all 14 children
who participated in this study. This is an important finding as
there is limited data on the use of TBS in the pediatric population
(Oberman et al., 2010, 2014; Wu et al., 2014; Hong et al., 2015). A
small number of these participants reported mild adverse events
after TBS: fatigue, headache/scalp pain, arm/hand pain, pares-
thesia, weakness, nausea, tinnitus, abdominal pain and dry eyes.
We recently compared the adverse event rates between TBS and
single-/paired-pulse TMS sessions in 165 children and found no
significant difference (Hong et al., 2015). In the present study,
systematic review of systems following iTBS found no significant
adverse effects. There are a few possible explanations for this.
First, the iTBS protocol contained only 300 pulses rather than
the originally described 600 pulses. Thus, this 92-s TBS stimu-
lation duration may have a lower probably of causing adverse
effects. Second, based on a systematic review of>1000 adults who
received >4500 TBS sessions, a crude risk of 1.1% was identi-
fied for mild adverse events (Oberman et al., 2011). Furthermore,
another safety report of various forms of TMS/rTMS in 113 adults
showed that TBS sessions were associated with less adverse events
(Maizey et al., 2013). These adult safety data may also explain
why we did not detect any adverse events in our small pediatric
sample.
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LIMITATIONS
The results of this study are vulnerable to a type II error given the
small sample size. Thus, we could not adequately examine factors
that might lead to variability in iTBS300 response. Generalization
of our findings may be limited by the predominance of females in
our cohort, as gender difference may be a determinant of TMS-
induced plasticity (Ridding and Ziemann, 2010).
In addition, further work needs to be done to extend these
types of assessments to younger children. Although we attempted
to recruit younger children for the study, several participants’
motor thresholds were too high to proceed with TBS. The
youngest subject in our cohort was 9 years old but his RMT
was relatively low for his age (54% on Magstim200, 68% on
SuperRapid2Plus1) which allowed us to complete the iTBS pro-
tocol. In rodent models, the maturation of the cortex with
advancing developmental age influences the conditions necessary
to induce LTP-effects (Meredith et al., 2003). Such an analysis lies
outside the scope of the present study, however, with a larger sam-
ple with younger age groups may allow the quantification of such
effects in the future. In addition, repeated sessions could be used
to evaluate the extent of intra-individual variability, for example,
related to time of day, stress, fatigue, or hormonal fluctuations in
females.
CONCLUSION
This is the first report of iTBS- induced M1 neurophysiologic
effects in healthy children. All participants safely completed the
iTBS300 session which involved just 92 s of bursts of subthresh-
old TMS pulses without any serious adverse events. We were
able to show statistically significant increase in M1 excitability
in the first 10min after iTBS300. Future pediatric TBS studies
to acquire normative data are needed. We speculate the demon-
strated physiological effects of this protocol to M1 could also
be further investigated in non-motor regions for neuromodu-
lation or for repeated applications in clinical trials. This data
supports further, judicious use of iTBS as a technique for studying
brain development, neuropsychiatric and neuro-developmental
disorders.
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